Mycosphaerella graminicola causes Septoria tritici blotch (STB) in wheat (Triticum aestivum) and is considered one of the most devastating pathogens of that crop in the United States. Although the genetic structures of M. graminicola populations from different countries have been analyzed using various molecular markers, relatively little is known about M. graminicola populations from geographically distinct areas of the United States and, in particular, of those from spring versus winter wheat. These are exposed to great differences in environmental conditions, length and season of host-free periods, and resistance sources used in geographically separated wheat breeding programs. Thus, there is more likely to be genetic differentiation between populations from spring versus winter wheat than there is among those within each region. To test this hypothesis, 330 single-spore isolates of M. graminicola representing 11 populations (1 from facultative winter wheat in California, 2 from spring wheat in North Dakota, and 8 from winter wheat in Indiana and Kansas) were analyzed for mating type frequency and for genetic variation at 17 microsatellite or simple-sequence repeat (SSR) loci. Analysis of clone-corrected data revealed an equal distribution of both mating types in the populations from Kansas, Indiana, and North Dakota, but a deviation from a 1:1 ratio in the California population. In total, 306 haplotypes were detected, almost all of which were unique in all 11 populations. High levels of gene diversity (H = 0.31 to 0.56) were observed within the 11 populations. Significant (P ≤ 0.05) gametic disequilibrium, as measured by the index of association (rBarD), was observed in California, one Indiana population (IN1), and three populations (KS1, KS2, and KS3) in Kansas that could not be explained by linkage. Corrected standardized fixation index (G′′ ST ) values were 0.000 to 0.621 between the 11 populations and the majority of pairwise comparisons were statistically significant (P ≤ 0.001), suggesting some differentiation between populations. Analysis of molecular variance showed that there was a small but statistically significant level of genetic differentiation between populations from spring versus winter wheat. However, most of the total genetic variation (>98%) occurred within spring and winter wheat regions while <2% was due to genetic differentiation between these regions. Taken together, these results provide evidence that sexual recombination occurs frequently in the M. graminicola populations sampled and that most populations are genetically differentiated over the major spring-and winter-wheat-growing regions of the United States.
Mycosphaerella graminicola (Fuckel) J. Schrot. (anamorph: Septoria tritici (Desm.) causes Septoria tritici blotch (STB) on wheat (Triticum aestivum L.) worldwide (16, 23, 26) . The disease can reduce both quality and quantity of wheat, and yield losses of ≤40% have been reported in areas with relatively high rainfall and moderate temperatures (14) . After the late 1960s, there was rapid replacement of local wheat cultivars with semidwarf, early-maturing, and high-yielding cultivars. These changes in wheat cultivars and agricultural systems, along with movement of infected seed and development of fungicide resistance, increased the incidence of STB from a minor problem to economically significant levels (4, 14, 15) .
For many fungi, sexual recombination occurs infrequently or may be absent; however, in the case of M. graminicola, sexual recombination is frequent, with one to two or multiple cycles of sexual reproduction (9, 10) occurring during the growing season. Sexual spores (ascospores) are produced in pseudothecia (ascocarps) and act as primary sources of inoculum for the initiation of STB epidemics during the crop-growing season (40) . Previous studies indicated that the windborne ascospores can travel ≤100 km (26) to cause high densities of infection. For example, Zhan et al. (50) reported that Oregon wheat fields had at least 70 primary ascospore infections per square meter. In contrast to sexual reproduction, clonal propagation occurs via rain-splash of asexual spores (pycnidiospores) that usually are dispersed over short distances (8, 26) . Therefore, asexual reproduction of M. graminicola can generate clones that are geographically separated, usually by a few meters at most (5) .
Different molecular markers such as mating-type genes (44, 47) , random amplified polymorphic DNA (RAPD) (37) , restriction fragment length polymorphism (RFLP) (26) , amplified fragment length polymorphism (AFLP) (21, 38) , and microsatellites (7) have been used to analyze the genetic structure of M. graminicola populations at local, regional, and continental scales. M. gramini-cola is a heterothallic fungus, and both the MAT1-1 and MAT1-2 mating-type idiomorphs have been characterized (44) . Analyses of numerous M. graminicola populations from many geographical locations worldwide revealed an equal frequency of both mating types, except for only four samples from Oregon, Switzerland, and Syria (44, 47) . The rare exceptions probably resulted from small sample sizes or were thought to represent type II errors due to the large numbers of samples analyzed (44, 47) .
Molecular variability has been very high in all populations sampled worldwide, regardless of marker type analyzed. For example, a high level of genetic variability was detected in populations of M. graminicola collected from Saskatchewan, western Canada (37) and from Germany (38) using RAPD and AFLP markers, respectively. Linde et al. (26) used RFLP markers to analyze M. graminicola populations from Israel, Switzerland, and the United States and discovered that the genetic structures across wide geographical areas were similar. In another study, McDonald and Martinez (28) found a high level of RFLP variability within a population collected from a single field in California.
Some of the previous investigations reported a high level of genetic diversity within populations but little genetic differentiation among populations of M. graminicola (26, 38, 51) . Although these studies provided excellent insights into the genetic structure of M. graminicola populations globally, they did not always sample populations with the greatest likelihood of showing differentiation, and included relatively few samples from North America. Wheat in the United States is divided into several market classes based on hardness, seed color, and adaptation. Production of each class is restricted geographically and their genetic backgrounds can be very different. Due to these differences, each market class of wheat could have its own population of M. graminicola that is specifically adapted to the differing genetic backgrounds or the regional environmental conditions under which it is grown. For example, North Dakota has growing conditions from May to August that are suited for the production of hard, red spring wheat, whereas Kansas and Indiana produce primarily hard and soft red winter wheat, respectively. In the mild climate of California, spring wheat or facultative winter types are planted in the fall and harvested during May or June. Wheat in North Dakota is planted in the spring and harvested during late summer or early fall, while the winter wheat cultivars grown in Kansas and Indiana are planted in the fall, remain dormant during the winter, and are harvested during June or July. Populations of M. graminicola infecting spring wheat survive an 8-month hostfree period of extremely cold winter weather in infected crop residues from harvest until spring, whereas those on winter wheat survive a much shorter host-free period of hot, often dry weather during summer and early fall.
The DNA marker systems used to analyze the genetic structure of M. graminicola populations over the past decade have technical or operational limitations which can be overcome by microsatellite or simple-sequence repeat (SSR) markers (39) . SSR loci tend to be highly polymorphic and are easy to score compared with other, more time-consuming amplifiable markers (39) . Recently, numerous SSR loci have been characterized and genetically mapped in the genome of M. graminicola (17) , and can be used to estimate the genetic diversity within and between populations from spring (California and North Dakota) and winter (Indiana and Kansas) cultivars of wheat.
In this study, our primary goal was to test the hypothesis that the geographically and potentially ecologically separated populations of M. graminicola from different market classes of wheat in the United States would be genetically differentiated. Knowledge of the genetic structure of M. graminicola populations in each wheat-producing region and of genetic exchange among regions could help guide the development of new wheat cultivars in breeding programs (37) and also could help to extend the effectiveness of control measures such as fungicide applications and resistant cultivars (29) . Because sexual recombination can facilitate the rapid dissemination of introduced alleles throughout a population and has been found in other populations of this fungus, a secondary goal was to estimate the frequencies of the matingtype idiomorphs and disequilibrium among loci in M. graminicola populations from spring and winter wheat to test the hypothesis that these populations undergo regular cycles of sexual reproduction.
MATERIALS AND METHODS
Sampling, isolation, and description of the fungal populations. Leaf samples showing typical symptoms of STB were collected randomly from commercial fields in the four wheat-producing states of California, Indiana, Kansas, and North Dakota. Detailed information regarding the sampling methods, sources, and isolation techniques for the isolates from Kansas and California were provided previously (21, 22) . A subset of isolates (n = 121) was randomly selected from the previously studied Kansas populations (21, 22) whereas all California isolates were included in this study.
For the California population, isolates were collected from a single field of the experimental spring wheat line D6301 (highly susceptible to STB) in Colusa County during 2004 and was considered as one population (CA population, n = 66). The Kansas populations were collected from hard red winter wheat (unknown cultivars) during the 2003-04 growing season, and six populations were divided according to sampling sites and inoculation methods used. Three of the Kansas populations represented the south, central, and north regions of the state. The south population (KS1; n = 26) was collected from Pratt, Harvey, Stafford, Reno, Crawford, Meade and Stanton Counties; the central population (KS2; n = 15) had isolates from Dickinson, Barton, Ellis, Rush, and Marion Counties; and the north population (KS3; n = 22) was from Cloud, Mitchell, Rooks, Clay, Jewell, Osborne, Pottawatomie, and Riley Counties. The remaining three populations from Kansas were the field population (KS4, n = 18), the natural inoculum population (KS5, n = 20), and the microplot population (KS6, n = 20) from Ellis (central), Cloud (north) and Marion (central) Counties, respectively (22) .
In North Dakota, the ND1 population (n = 24) was collected from Cavalier County near Langdon from spring wheat The isolates collected from each state were combined into regional populations representing California (n = 66), Indiana (n = 78), Kansas (n = 121), and North Dakota (n = 65) ( Table 1) . Individual populations of M. graminicola collected from different locations within the four states were considered subpopulations collectively representing the California environment, Indiana environment, Kansas environment, and North Dakota environment. The isolates collected from spring wheat cultivars in California and North Dakota together were regarded as a spring wheat population while those sampled from cultivars of winter wheat in Indiana and Kansas were combined into a winter wheat population. Similarly, all isolates collected from spring and winter wheat in the four states were combined and considered the total population sample.
To isolate the fungus, leaf samples were cut into 2-cm-long pieces and 10 leaf pieces per sampling site were placed in a 9-cmdiameter plastic petri dish containing wet filter paper. The plates were kept at room temperature (20 to 25°C) for 24 h to allow cirrhi to ooze out from pycnidia. A sterile glass needle was used to transfer one cirrhus from a single pycnidium per lesion to a petri dish containing one-fourth-strength Difco potato dextrose agar (PDA) (10 g of Difco potato dextrose agar and 15 g of agar in 1 liter of water). Each cirrhus was streaked over the surface of a PDA plate to separate individual spores. PDA plates containing spores were incubated at room temperature for 2 days. Isolated colonies originating from a single spore were transferred separately to a flask containing liquid yeast glucose (YG) medium (2% glucose and 0.5% yeast extract), and the flask was placed on an orbital shaker (180 rpm) incubated at 20°C for 5 to 10 days. Liquid cultures were centrifuged for 8 to 10 min at 1,300 rpm to concentrate the spores and mycelia and were stored at -80°C.
DNA isolation and quantification. DNA was extracted from freeze-dried fungal cultures using a cetyltrimethylammonium bromide (CTAB) protocol as described by Murray and Thompson (33) and modified by Kerényi et al. (24) . In all, ≈100 µl of 1× Tris-EDTA (10 mM Tris and 1 mM EDTA, pH 8.0) buffer was added to each DNA sample before storage at -20°C. A spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE) was used to quantify the nucleic acids and working solutions of DNA at 10 ng/µl were prepared from each sample for all polymerase chain reaction (PCR) analyses.
Mating type determination. Distribution of mating-type alleles in each population was determined by multiplex PCR as described previously (44) . The primer sequences 5′-CCGCTT TCTGGCTTCTTCGCACTG-3′ (forward) and 5′-TGGACACC ATGGTGAGAGAACCT-3′ (reverse) amplified a 340-bp fragment from MAT1-1 isolates, and the primer sequences 5′-GGC GCCTCCGAAGCAACT-3′ (forward) and 5′-GATGCGGTTCTG GACTGGAG-3′ (reverse) amplified a 660-bp fragment from MAT1-2 isolates. Primers were synthesized by Integrated DNA Technologies (IDT) Inc. (Coralville, IA) and all PCR reagents were purchased from the Promega Corporation (Madison, WI). PCR mixtures with 2 µl of sterile distilled water without a DNA template or a combination of primer solutions and sterile water were used as negative controls. All PCRs were carried out in a programmed PTC-100 Peltier Thermal Cycler (MJ Research, Inc., Waterman, MA). Each PCR reaction had 30 cycles of the following thermal profile: 1 min at 94°C for initial denaturation, 30 s at 68°C for annealing, 1 min at 72°C for extension, followed by a final 10-min extension at 72°C. To confirm the results, each PCR reaction was run twice. PCR-amplified products were separated in 1% (wt/vol) agarose gels in 0.5× Tris-borate-EDTA (TBE) buffer (0.089 M Tris, 0.089 M boric acid, and 0.002 M EDTA). Gels were run for 90 min at 115 V and stained with ethidium bromide (10 mg/ml) for 15 min. Each gel was photographed with a Fluorochem 2200 Image system (Alpha Innotech Corp., San Leandro, CA). A 100-bp DNA ladder (Invitrogen Corporation, Carlsbad, CA) was used as a size marker on each gel.
Haplotype identification. Primers for 23 previously characterized SSR loci (17) were tested for polymorphism using four DNA samples of M. graminicola from spring and winter wheat. Primers for two SSR loci did not produce polymorphic bands. Four SSR loci had bands but also showed nonspecific amplification, while the rest produced larger, specific, and reproducible bands. On the basis of this initial test, 17 SSR loci were selected and used to analyze the genetic structure of M. graminicola populations from spring or winter wheat in California, Indiana, Kansas, and North Dakota. Primers were synthesized by IDT Inc. and all PCR reagents were purchased from the Promega Corporation. Each PCR reaction (10 µl) contained 3 µl of sterile deionized water, 1 µl of genomic DNA at 10 ng/µl, 2 µl of 5× Taq polymerase buffer, 1 µl of 25 mM MgCl 2 , 0.25 µl of 10 mM dNTP mix, 1 µl of 2 µM each reverse and forward primer, and 0.75 µl of Taq polymerase (5 units/µl). PCR mixtures with 2 µl of sterile distilled water without DNA template or with a combination of primer solutions and sterile water were used as negative controls. Each PCR was carried out in a PTC-100 Peltier Thermal Cycler (MJ Research, Inc.) programmed for 10 min at 95°C for initial denaturation, 1 min at 97°C, and 7 min at 95°C; followed by 45 cycles consisting of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C; completed by a final 10-min extension at 72°C. Each PCR was run twice to confirm the result. The amplified PCR products were separated in 6% nondenaturing polyacrylamide gels in 0.5× TBE buffer (0.09 M Tris-borate and 0.002 M EDTA) as described previously (41) . Each gel was pre-run at 350 V for 1.5 h by adding 20 µl of ethidium bromide (10 mg/ml) to the lower reservoirs. After prestaining the gel, 3 µl of 2× loading dye was added to the 10 µl of amplified PCR product and loaded into each well. The gel was run at 350 V for 1.5 h and photographed in a Fluorochem 2200 Image system (Alpha Innotech Corp.). A 100-bp DNA ladder (Invitrogen Corporation) was used as a size marker. Alleles with the DNA band having the same size were considered to be identical for each SSR locus.
Data analysis. For 17 SSR primer sets, polymorphic DNA bands were scored manually with reference to a 100-bp ladder (Promega Corp.) for all 330 isolates of M. graminicola. Only loci that had alleles of 100 to 500 bp in size and were repeatable and polymorphic were included for data analysis. The sizes of alleles at each of the 17 SSR loci for all isolates were recorded in the GenAlex 6 (36) format. Multilocus haplotypes (MLHTs) were constructed for each isolate by compiling the alleles at all loci. Isolates with the same MLHT were considered clones. Clonecorrected data were used for all analyses. POPGENE version 1.32 was used to estimate the total number of alleles and allele frequencies at each SSR locus, gene diversity (H), and Nei's unbiased genetic identity (I) as described previously (2,46). Nei's unbiased H (35) was used to estimate the genetic diversity in the total population (H T ) and within each subpopulation (H S ). The genetic structure of the populations was analyzed by calculating the total gene diversity (H T ) of polymorphic loci and mean gene diversity for each SSR locus within populations (H S ) using the program POPGENE version 1.32 as described by Nei (34). Jost's genetic differentiation, D (20) , and G′′ ST , a corrected standardized fixation index (30) , were calculated as independent measures of differentiation between populations using GenoDive Beta version 2.0 (31). Genotypic diversity was calculated according to the method of Stoddart and Taylor (43), normalized by the maximum possible diversity given the allelic variability within the samples as suggested by Grunwald et al. (18) . In each population, the maximum possible number of genotypes detectable over the 17 SSR loci was >56 million; therefore, the genotypic diversity values were normalized by the sample size. The clonal fraction was measured as 1 -[(number of different genotypes)/total number of isolates)] (49). The selective neutrality of loci was examined with the Ewens-Watterson test in POPGENE version 1.32 (46) .
Multilocus linkage disequilibrium can be assessed using the index of association (i.e., I A or rBarD). The rBarD is an alternative measure of the index of association and is less sensitive to number of loci when compared with I A (3). The rBarD values were estimated with the MULTILOCUS program version 1.3 (3) and the values ranged from 0 (i.e., panmixia) to 1 (i.e., absolute linkage disequilibrium). Analysis of molecular variance (AMOVA) is a method that partitions genetic variation within and among populations (13) . Arlequin 3.1 software (12,13) was used to estimate AMOVA. Variance components and F ST values were tested by 1,023 permutations of haplotypes among populations to determine levels of significance at P ≤ 0.001 (12) . The genetic variation within and among spring and winter wheat populations along with the two California and North Dakota populations from spring wheat and Indiana and Kansas populations from winter wheat were also determined by AMOVA.
The frequencies of the mating-type alleles within each population were calculated using clone-corrected data. The χ 2 test was performed to evaluate the null hypothesis of a 1:1 ratio of the two mating types within each population. The similarities of mating type frequencies among sampling units were evaluated using a contingency χ 2 test as formulated by Everitt (11) .
RESULTS
Genetic diversity within populations. The number of alleles over all 17 SSR loci averaged 2.94 and their sizes were 190 to 250 bp (Fig. 1) . A total of 50 alleles was scored in the 11 populations. The Ewens-Watterson test for neutrality showed all of the polymorphic loci to be selectively neutral (data not shown). Among the 330 isolates analyzed, 306 distinct haplotypes were detected. Six isolates with identical haplotypes were found in the c Genotype diversity within population was estimated by dividing the Stoddart and Taylor (43) Ĝ by the maximum possible diversity given the allelic variation in each sample and the sample size as suggested by Grunwald et al. (18) . In this case, with 17 loci and two to five alleles per locus, the maximum detectable genotypes is over 56 million; therefore, the maximum Ĝ in each sample will be equal to the sample size because it is always smaller than the maximum number of detectable genotypes. d Gene diversity (H) (34, 35) within populations was calculated based on clone-corrected data at 17 microsatellite loci (17) . e Standardized index of association (rBarD) statistic was estimated for each population (3) from clone-corrected data. Significance of rBarD was tested with 1,000 randomizations of the data by comparing the observed value with that expected under the null hypothesis of rBarD = 0. The null hypothesis of multilocus linkage equilibrium was rejected if P ≤ 0.001 or 0.05; ** and * indicate significant at P ≤ 0.001 and 0.05, respectively. f MAT-1-1:MAT1-2. Only the California and total samples deviated significantly from the 1:1 ratio expected, assuming equal frequencies of both mating types. g Probability that the χ 2 differs from an expected ratio of 1:1 with 1 degree of freedom (11). CA Table 2 ). The KS5 population had the lowest H and the ND2 population the highest. In general, H estimates were high in all 11 populations (Table 2) .
Gametic disequilibrium. The rBarD values for the KS2 and CA populations differed significantly from zero (P ≤ 0.05), while those for the IN1, KS1, and KS3 populations were highly significant (P ≤ 0.01). The remaining six populations showed no evidence of gametic disequilibrium ( Table 2) .
Distribution of mating-type alleles within the populations and genotypic diversity. As expected, a single amplicon matching either the MAT1-1 or MAT1-2 allele was detected in each isolate (Fig. 2) . Among the 306 isolates analyzed from the 11 populations, 171 were MAT1-1 and 135 were MAT1-2. The frequency of both mating types deviated significantly from a 1:1 ratio for the CA population but not for any of the others ( Table 2 ). The clonal fractions were low and genotypic diversities were very near the maximum possible values in all populations analyzed (Table 2) .
Genetic identity (I) and population differentiation (G′′ ST ) between populations. Identity (I) values calculated between all possible pairwise comparisons among the 11 populations were 0.58 to 0.98 (Table 3 ). The greatest I values were between the KS1 and KS2 and the KS1 and KS3 populations. The lowest I values were between IN1 and Kansas populations KS2, KS5, and KS6.
The G′′ ST values for pairwise comparisons between the 11 populations were 0.000 to 0.621 (Table 3 ). The highest G′′ ST was observed between populations IN1 and KS6 (0.621). The lowest G′′ ST values were observed between the Kansas populations KS1, KS2, and KS3. None of the genetic differentiation values in pairwise comparisons between these three populations was statistically significant. Levels of genetic differentiation between all other population pairs were significantly different either at P ≤ 0.001 or P ≤ 0.05 (Table 3 ). Other measures of genetic differentiation between populations, including G ST and Jost's D that also were calculated by GenoDive (data not shown) (31) , showed the same pattern and had the same levels of significance.
Genetic diversity contributed by each SSR locus across the four regional populations varied substantially (Table 4) . Each locus was polymorphic in every location but loci gca-0008 and tcc-0009 were much less variable in populations representing the California and Kansas environments than in those from the Indiana or North Dakota environments. Mean gene diversity values in the regional populations ranged from 0.41 in Kansas to 0.58 in North Dakota (Table 4) .
There was some variability in the amount of genetic diversity detected by each SSR locus (Table 5 ). SSR loci ac-0006 and ag-0003 had the highest H T and H S values within the total sample and regional subpopulations; the lowest values occurred at locus tcc-0009 (Table 5 ). SSR locus gca-0008 had the highest G′′ ST (0.591) among the four regional populations (Table 5) . Conversely, SSR locus ag-0006 yielded the lowest G′′ ST (0.019) among the regional populations (Table 5) .
AMOVA revealed a small (1.2%) but significant (P < 0.000) level of genetic differentiation between the combined populations from spring versus winter wheat (Table 6 ). However, the vast majority of the genetic variation (>98%) occurred within these populations (Table 6 ). Significant genetic differentiation (F ST = 0.176, P ≤ 0.000) also occurred between populations from the spring wheat environments in California versus North Dakota and between populations from winter wheat cultivars in Indiana compared with Kansas (F ST = 0.281, P ≤ 0.000). Even in those comparisons, most of the genetic variation (≥72%) occurred within rather than between populations.
DISCUSSION
These analyses revealed a small but significant level of genetic differentiation between populations of M. graminicola from spring versus winter wheat in the major production areas of the United States as measured by AMOVA. Interestingly, levels of differentiation between subpopulations within each region were higher, with >20% of the total genetic variation due to differen- tiation compared with only 1.2% for populations from spring and winter wheat in total. Even so, most of the total genetic variation occurred within populations as noted in other locations worldwide, and the level of genetic differentiation was less between the total samples of spring and winter wheat than between subpopulations, indicating a higher degree of homogenization over larger areas. This probably reflects the initial colonization of North America by this fungus during the past several hundred years. The high levels of genetic diversity within populations and small but significant genetic differentiation between populations are in agreement with analyses of the genetic structure of M. graminicola populations in other geographical regions, including the United States (1, 21, 26) . High levels of genetic variability also were found within M. graminicola populations from Saskatchewan, western Canada using RAPD markers (37) ; in Germany and the United States using AFLP markers (21, 22, 38) ; in Israel, Switzerland, and parts of the United States using RFLP markers (26) ; and in France using SSRs (7) . Our analysis extended the previous findings to include high levels of genetic diversity in additional regions of the United States for SSR loci located near or within coding regions of genes.
Although we did not estimate migration rates because the populations were not at equilibrium, we can conclude that migration was not sufficient to prevent differentiation over the large geographical areas sampled. This does not contradict previous studies which concluded that migration was very high (26, 51) . That work reported low values for G ST but did not test whether the differences were significant. However, allele frequencies did differ significantly, indicating that the values for G ST , though small, also probably were significantly different. Our analysis reported values for G′′ ST of 0 to 1; therefore, the numbers are not directly comparable with those published previously. Values of G ST also were calculated by the GenoDive program (31) and were very similar to those reported previously using different types of markers (data not shown).
There has been much discussion recently about the best possible statistic to use when measuring genetic differentiation between or among populations (19, 20, 30, 45) . Most analyses during the past 15 years have used G ST , a multi-allelic analog of Wright's F ST that is suitable for haploids as well as diploids (34) . A problem with G ST is that it can be difficult to interpret because it (17) . e Length in genome sequence. f According to Nei (34, 35) . SW = spring wheat population (n = 126), WW = winter wheat population (n = 180), CAE = California environment population (n = 61)], KSE = Kansas environment population (n = 102), INE = Indiana environment population (n = 78), and NDE = North Dakota environment population (n = 65). can be low even when the absolute differentiation is high; therefore, Hedrick (19) proposed to normalize it by dividing by the maximum possible differentiation given the observed diversity in a sample to yield G′ ST . Variations of this approach include R ST for microsatellite loci with very high mutation rates and G′′ ST to correct for limited sampling of populations (30) . Jost (20) pointed out a number of problems with all of these measures and proposed an alternative statistic for genetic differentiation, D. However, Jost's D so far has not been widely accepted and Whitlock (45) has argued for retaining F ST or G ST for ease of interpretation and for comparisons with previous work. The SSR loci analyzed in our populations had two to five alleles and, therefore, do not seem to have extremely high mutation rates. The values of G ST were low, indicating a relatively high migration rate, certainly higher than that for mutation. Therefore, we chose to report the pairwise estimates of differentiation with the standardized, corrected measure, G′′ ST . Advantages of this statistic are that it is corrected for the relatively small number of populations sampled and ranges between 0 and 1 for easy comparisons among locations (19) . The low clonal fractions with correspondingly high genotypic diversities plus the equal frequencies of the two mating types most likely reflect a high rate of sexual reproduction in M. graminicola populations throughout the United States. The only exception was the population from California, which had an excess of the MAT-1-1 allele even though genotypic diversity was very high. Ascospores are believed to play an important role for initiating and maintaining epidemics of STB in wheat fields (9, 23, 44) and a positive correlation has been found between the rate of sexual recombination and the level of genetic variation in natural populations (8, 25) . Consistent with the ascospore hypothesis, equal frequencies of both mating types and high genotypic diversity seem to be the norm for M. graminicola populations worldwide (47) , including the United States. The reasons for the deviation from a 1:1 ratio of the mating types in the California population are not known. One possible explanation for such a deviation could be if the sample size was small, giving an artifact. For example, Waalwijk et al. (44) found only the MAT1-1 mating type in one population from Syria but a slight excess of the MAT1-2 mating type in a second population and concluded that the small sizes of 10 and 9 individuals, respectively, could be the cause of this variation. However, in our case, the sample size from California of 61 individuals after clone correction is large enough to minimize sampling artifacts; therefore, other explanations are needed.
A recent analysis showed that MAT1-1 isolates, on average, were more pathogenic compared with MAT1-2 isolates in four of five samples analyzed (52) . Although the difference was small, it was statistically significant. In our California population and the overall sample, the MAT1-1 idiomorph was always the most frequent, consistent with populations throughout the world (47) . Therefore, selection favoring the MAT1-1 idiomorph may be the most likely explanation for its significantly increased frequency in our California and overall samples, although other explanations, including type I statistical errors (false rejection of the null hypothesis), are possible (42, 47) . Clearly, additional sampling from California is needed to confirm this result and to determine its cause.
An organism with wider dispersal ability is expected to show greater genetic uniformity across local populations compared with one with lower dispersal ability (27, 48) . In this study, we hypothesized that M. graminicola populations sampled from geographically separated production regions of the United States growing spring or winter wheat cultivars of different market classes would be the most likely to show genetic differentiation, because they have experienced different climatic conditions, cropping systems, agronomical practices, and separate breeding programs utilizing different sources of resistance. Our results were consistent with the null hypothesis of genetic differentiation. Even though the magnitude of the differentiation was small, it was significant statistically; therefore, is likely to be real. Thus, the different wheat cultivars, environmental conditions, and agronomical practices in California, Indiana, Kansas, and North Dakota are enough to create genetic differentiation among populations of M. graminicola.
Another difference between our results and those reported in previous publications was the finding of significant gametic disequilibrium. Kabbage et al. (21) used AFLP markers and found no evidence of gametic disequilibrium in the M. graminicola populations from Kansas and California. Significant gametic disequilibrium has not been described in most of the previous studies using RFLP or AFLP markers (5, 26, 38) . A possible cause of gametic disequilibrium is linkage. To test whether this could have affected our results, we determined the physical location of each SSR locus based on the genomic sequence of M. graminicola (Table 4) (16) and also looked at previously calculated genetic linkages (17) . Among the 17 microsatellite loci analyzed in this study, 4 each were positioned on chromosomes 1 and 3 and 2 were on chromosome 7. The remaining seven loci were on different chromosomes and, therefore, could not have been affected by linkage.
The two SSR loci on chromosome 7 are far enough apart that they were not linked genetically (17) , while those on chromosome 3 were unlinked except for loci ag-0003 and tcc-0005, which were separated by 19 centimorgans (cM). This level of linkage is not enough to cause the gametic disequilibrium seen in our a Genetic variation was partitioned within and among populations at several hierarchical levels and groupings of populations within the four environments represented by populations from California (facultative spring wheat), North Dakota (spring wheat), Indiana (soft red winter wheat), and Kansas (hard red winter wheat). Genetic differentiation also was compared between spring wheat populations from California vs. North Dakota, and winter wheat populations from Indiana vs. Kansas. b F ST = fixation index; significance was determined by 1,023 random permutations. Clone-corrected data were used for AMOVA.
analysis. All four microsatellite loci on chromosome 1 were linked, two of them very tightly. Locus ag-0006 mapped 33 cM from gca-0007, which also would not explain our observed gametic disequilibrium. However, locus gca-0007 was only 1 cM from gca-0004, which was 9 cM from tcc-0006 (17) . The tight linkages among these three loci possibly could explain our results. To test this hypothesis, we repeated the analysis of gametic disequilibrium after removal of the data for gca-0004, which had no effect on the significance of the results. Removal of the data for both gca-0004 and gca-0007 caused the disequilibrium in population KS2 to become nonsignificant; however, the significance of the disequilibrium remained unchanged for the other populations. Interestingly, removal of tcc-0005 in addition to gca-0004 and gca-0007 again gave significant disequilibrium in KS2 and did not affect the significance of the disequilibrium in the other four populations. With those three SSR loci removed, all 14 loci remaining in the analysis were unlinked. Thus, physical linkage of the microsatellite loci cannot explain the gametic disequilibrium observed in populations CA, IN1, KS1, and KS3, although it may have been the cause for some of that in population KS2.
Another possible cause of gametic disequilibrium is physical admixture of samples that differ in allele frequencies (32) . Kansas populations KS1 and KS3 contained pooled populations of isolates and this could cause disequilibrium if allele frequencies varied among the counties sampled. Gene diversity values among the populations are also different for individual loci, which suggest that they may be subject to selection. Therefore, selection for particular combinations of alleles at the genes marked by the SSR loci may be the most likely explanation for the observed disequilibria seen in the CA and IN1 samples. Additional analyses of the loci giving the significant disequilibrium values are needed to test the selection hypothesis.
This study confirms that the geographical and ecological separation among the regional populations is enough to prevent complete genetic homogenization by gene flow through the arrival of new alleles, resulting in genetic differentiation among populations. However, the forces causing the differentiation are not known. Genetic drift is unlikely because M. graminicola populations seem to have very large effective sizes. Selection at one or more of the loci marked by the SSR primers or at closely linked loci could explain the genetic differentiation between populations as well as the significant gametic disequilibrium but is not consistent with the results of the neutrality tests. The relatively low differentiation values indicate that some level of migration occurs, even if it could not be tested using the usual indirect measures. In this study, some haplotypes of M. graminicola were shared among the populations. Whether these were clones that migrated between populations or were simply individuals that had the same multilocus haplotypes by chance is not known.
The ability of a pathogen to disseminate over long distances has a direct impact on disease-management strategies in agricultural ecosystems (6) . McDonald and Linde (27) proposed that pathogens with high gene or genotype flow pose a more severe threat compared with pathogens with low gene or genotype flow. This study confirms that M. graminicola populations in North America can recombine frequently to create new genotypes and can increase their gene diversity through migration, with high potential for short-distance gene flow. The high genotypic diversity among highly variable populations of M. graminicola in the four sampled wheat production environments of the United States suggest that major resistance genes may break down quickly and should be deployed cautiously.
